. The biocontrol agent employed in most of this project was Trichoderma harzianum strain 1295-22, abbreviated as strain 22, or 22, This strain was developed by protoplasm fusion, and selection was based on desirable biological control traits, including rhizosphere competence (Jin et al., 1992) , Trichoderma was produced in petri dishes during the early stages of research and later liquid fermentation was developed to produce Iarge quantities of inoculum, This inoculum (conidia) could be dried without appreciable loss of viability (Jin et al., 1992) , This paper concentrates on the application of Trichoderma for seed treatments; however, other biocontrol agents have been employed successfully on horticultural crops (Bennett et al., 1992) , Other delivery systems also may be employed for application of biocontrol agents, including in-furrow granules, but will not be discussed here, There are several reasons for pursuing the use of biological seed treatments for use on horticultural as well as other crop seeds. Particular strains of Trichoderma have 1 ) the ability to protect seed and seedlings from organisms that cause damping-off; 2) are rhizosphere-competent and protect the subterranean portions of growing plants from attack by pathogens; and 3) enhance plant growth and development (Harman and Taylor, 1990) , Most of the examples provided document the ability of the bioprotectant to protect seed and seedlings from plant pathogens.
Seed treatment technologies
A common goal of all seed treatment technologies is to apply an active material(s) uniformly onto the seed surface and uniformly from seed-toseed. However, accomplishing this goal alone may be inadequate for effective biological control. Cucumber (Cucumis sativus L.) seeds were either nontreated or treated with strain 22 using a slurry and sown in a Pythium ultimum Trow-infested soil, There was little disease control, no significant differences between the emergence of the two treatments, and the final stand (after postemergence mortality) was <5% for both treatments (Taylor et al., 1991) . Conversely, bean seeds were wellprotected by the same slurry treatment (Harman and Taylor, unpublished data). Therefore, specific seed-treatment systems are needed to provide a conducive environment and competitive advantage for the bioprotectant compared to the pathogen. The following section describes several seed treatment methods, summarizing published results and describing the mechanism for enhanced efficacy.
Solid matrix priming (SMP). Solid matrix priming is a method for hydrating seeds under controlled environmental conditions by mixing seeds, a solid particulate carrier, and water in known proportions (Kubik et al., 1988; Taylor et al., 1988) . The mixture is incubated for a period of time to allow seeds to imbibe water from the solid carrier and for the seeds to become physiologically active. The seed moisture content is elevated, but the water potential of the system is low enough to prevent germination (radicle emergence) (Tay-[or et al., 1992) . After priming, the solid particulate is separated physically from the seeds, Different solid particulate materials may be used for this process, and the water-holding capacity of various carriers has been described (Khan, 1992) .
Solid matrix priming may be integrated with the application of bioprotectants to increase the efficacy of the biological (Harman and Taylor, 1988) . The bioprotectant is applied first in an aqueous suspension, followed by the addition of a finely ground solid particulate, One carbonaceous material that was found to be well-suited as a solid particulate was Agro-Lig, a Leonardite shale (American Colloid Co., Arlington Heights, Ill.). The Agro-Lig has a pH of 4.1 and contains an abundance of inorganic nutrients, In this study, the mixture was incubated for 4 days at 20C and the excess solid particulate was sifted from the seeds prior to sowing, Laboratory efficacy studies consisted of sowing seeds in an Arkport sandy loam soil infested with Pythium ultimum Trow (Harman and Taylor, 1988), The pathogen level was adjusted to result in ≈ 10% stand from nontreated seeds, and there were from 200 to 250 propagules per gram of soil, Seeds were treated either with strain 22 via SMP with Agro-Lig or with a slurry containing strain 22. The percentage of healthy plants was significantly greater for SMP with strain 22 compared to the slurry treatment for cucumber (96% vs. 64%, respectively) and pea (Pisum sativum L.) (92% vs. 68%, respectively) (Harman and Taylor, 1990) . The priming effect alone was not responsible for the greater percentage of healthy seedlings in these studies (Harman et al., 1989) . In a similar study, seeds were treated either with strain 22 via SMP or with thiram. Significant improvements in stand were measured in SMP-treated cucumber (96% vs. 72%, respectively), pea (92% vs. 12%, respectivel y), and snap bean (Phaseolus vulgaris L.) (84% vs. 4%, respectively) seeds compared to the chemical check.
Several mechanisms appear to account for the improved efficacy of Trichoderma applied via SMP (Taylor and Harman, 1990) . The priming process creates a relatively high water potential, and the water potential of the medium has been reported to range from -1.1 to -1.9 MPa (Taylor et al., 1988) . The number of Trichoderma propagules (colony forming units, cfu) increased 10-fold during priming (10 3 to 10 4 cfu/seed) (Harman and Taylor, 1988) . Therefore, more propagules were present on the seed surface. The acidic pH of the Agro-Lig combined with nutrients provided an ideal environment for growth of the Trichoderma. Therefore, there were at least two factors responsible for the improved efficacy of the bioprotectant via SMP-colonization of the seed surface prior to sowing, and the development of a favorable pH plus nutrients. -coating (liquid-coating) . Filmcoating is a process by which a suspension or solution is sprayed onto seeds to develop a uniform layer of material over the entire seed surface (Halmer, 1988) . The ingredients consist of a binder or binder plus solid particulate and other materials, including colorants, plasticizers, and active ingredients. These materials may be formulated as a dry powder for handling and storage and then mixed with water prior to use. The result is a highsolids suspension of low viscosity that may be sprayed onto seeds either in a coating pan or fluidized bed (Halmer, 1988) .
Film
We developed a variation of the film-coating process, termed liquid-coating (Taylor et al., 1991) . This method consists of making a suspension of binder, solid particulate, and bioprotectant.The binder was either Pelgel (LiphaTech, Milwaukee, Wis.), a methyl cellulose-based material, or Polyox N-10 (Union Carbide, Danbury, Corm.), a highmolecular-weight polyethylene oxide. The mosteffective solid particulate were Agro-Lig or finely ground muck soil, Strain 22 was added to the suspension and sprayed onto the seeds in a tumbling drum, The proportion of individual components used to make the liquid-coating suspension was described previously (Taylor et al., 1991) , Unlike film-coating, the coating material was not dried extensively during the coating process, but remained moist in a manner similar to pelleting.
An additional step conducted on several treatments was to incubate the freshly coated seeds at high relative humidity for 4 days at 25C. Another modification of the basic technique was termed double-coating, The bioprotectant was suspended in Pelgel and sprayed onto seeds without drying, The second outer coating was a suspension of solid particulate in Polyox. In this manner, the bioprotectant was placed in close proximity to the seed surface, followed by an outer protective layer that encapsulated the seed and bioprotectant.
Cucumber seeds were treated with the liquid-coating techniques containing the bioprotectant and sown in the Pythium ultimum Trowinfested soil in the laboratory (as previously described), Efficacy of strain 22 was enhanced by liquid coating, and either Agro-Lig and muck soil were effective as solid particulate; seedling emergence from liquid-coated seeds were comparable to SMPtreated seeds (Taylor et al., 1991) . Both binders were equally effective, but Pelgel was best-suited for the high-relative-humidity incubation treatments, The high-relative-humidity incubation of liquidcoated seeds was found to increase further the percentage of seedling emergence compared with either liquid-coated alone or SMP treatments. The final seedling emergence from cucumber seeds sown in a Pythium -infested soil for SMP, liquid coating, and liquid coating plus high-relative-humidity incubation was 34%, 46%, and 80%, respectively, Several mechanisms may account for the improved performance from liquid-coated seeds (Taylor and Harman, 1990). The attributes of Agro-
